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A B S T R A C T
The effect of plant protein inclusion in cooked meat upon in vitro gastro-intestinal (GI) digestion was in-
vestigated. Pea protein isolate, rice protein and lentil flour were used to increase the protein content in a meat
model system restructured using two transglutaminase enzymes [Activa®EB (TG) and Transgluseen™-M (TS)].
Restructured beef steaks were subjected to simulated GI digestion using the static INFOGEST method. Samples
taken at different digestion times were analysed using SDS-PAGE, size exclusion-HPLC, free amino acid analysis
and microscopy. SDS-PAGE analysis revealed significant protein hydrolysis during GI digestion. Most soluble
peptides had a molecular weight smaller than 500 Da, corresponding to peptides of< 5 amino acids, regardless
of food treatment. The amounts of released, free amino acids isoleucine, lysine, phenylalanine and valine were
higher (P < 0.05) in lentil-enriched restructured beef steaks following GI digestion. Confocal laser scanning
microscopy (CSLM) revealed pronounced aggregation in digested samples. In vitro digestates of protein-enriched
restructured beef steaks showed lower production of small molecular weight peptides. This study demonstrated
how the bioaccessibility of protein-enriched restructured beef steaks are influenced by formulation and pro-
cessing.
1. Introduction
Protein plays a key role in health, growth, development and active
ageing from birth to the older years. High-protein products are gaining
awareness among consumers who seek easily recognisable, simple and
calorifically-lowered high protein based foodstuffs. Ageing influences
the gastrointestinal digestion (digestion, absorption, excretion) of nu-
trients (Baker & Blakely, 2017). In older adults, a loss a muscle proteins,
consequently leads to depletion of muscle mass known as sarcopenia
(Walrand et al., 2016). The nutritional quality of protein can be defined
by its digestibility in the intestinal phase, which is correlated to amino
acid (AA) uptake. It is worthwhile to note that AA availability is de-
pendent on composition and content of dietary proteins, nonetheless
choosing proteins with different digestion rates could also promote
postprandial stimulation of protein synthesis in older adults (Walrand
et al., 2016). This was demonstrated in a study by Nowson and
O'Connell (2015) who showed that, muscle gain was greater among
older adults receiving whey protein (rapidly-digested protein) and
lower when offered casein (slowly-digested protein). Therefore, fast
digesting proteins might be more beneficial than slow-digesting pro-
teins to improve postprandial protein anabolism in older adults.
Meat is a commonly-consumed commodity worldwide among all
consumer age groups. Meat is a rich source of high-quality protein and
all the essential amino acids required for adult human needs (WHO/
FAO/UNU, 2007). In recent times, lower-value meat such as chuck and
round have been highlighted as potential underutilised food sources
due to their technological and nutritional properties. These cuts were
mostly used and sold as ground meat, sausages, meatballs, frankfurters,
patties, luncheon meat and pâtés (Olmedilla-Alonso, Jiménez-
Colmenero, & Sánchez-Muniz, 2013). In addition to their nutrient-rich
profile, different meat cuts could be fortified to produce healthier for-
mulations targeting specific populations or nutritional deficiencies.
Pi-Vac technology, a novel processing application in reformed for-
mulations combined with plant-based proteins and specific nutrients
allow for the development of restructured meat products, which can
help meet specific nutritional goals, such as targeted protein content.
The combination of restructuring and the Pi-Vac technology can facil-
itate the development of low cost, controlled portion size meat products
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from low-value cuts and trimmings (Baugreet, Kerry, Allen, Gallagher,
& Hamill, 2018). The use of transglutaminase enzyme in restructured
meat formulations is well-established to achieve desired quality for
example cohesion, cook yield and palatability (Carballo, Ayo, &
Colmenero, 2006).
Plant-based proteins are rapidly becoming mainstream ingredients
not only for sports enthusiasts, but also for the rapidly growing, older
global population (Mintel., 2013). Successful plant-based ingredients,
such as plant proteins or flours, must retain suitable functional prop-
erties within meat-based products such as solubility, emulsification and
gelation (Söderberg, 2013), as well as contributing to the nutritional
and sensorial characteristics of the product. Additionally, plants like
legumes can also supply significant amounts of various dietary protein
fractions; such as globulins, albumins, glutelins and prolamins. The
relative proportion of each of these fractions in different legumes de-
fines the nutritional quality of the legume, based on its amino acid
composition (Tiwari & Singh, 2012). Literature concerning the techno-
functional properties of incorporating plant proteins in meat systems
has accumulated in recent years. In restructured beef products, plant-
based proteins have generally been utilised to improve cooking yields,
water/fat binding and sliceability (Söderberg, 2013; Tahmasebi,
Labbafi, Emam-Djomeh, & Yarmand, 2016; Youssef & Barbut, 2011).
However, some undesirable effects have also been observed relating to
flavour, texture, uniformity and overall acceptability when plant-based
proteins were used (Peng, Dayton, Quass, & Allen, 1982).
In general, meat is a consistent source of indispensable amino acids
while plant proteins are lacking in sulphur-containing amino acids
(methionine, cysteine and tryptophan). Combined in the proper pro-
portions, plant-based proteins, in addition to meat, may ensure the right
balance of all essential amino acids required for the human diet as re-
commended by the WHO/FAO/UNU (2007). An understanding of the
molecular interaction that occurs when plant-based proteins are in-
corporated into a meat system is necessary in order to improve the
technology required for optimal use and manipulation of plant deri-
vatives in processed meats, such that the resulting functional char-
acteristics are improved upon or similar to that expected in con-
ventionally produced commercial processed meat products.
The basic mechanisms affecting plant-based and meat protein di-
gestive behaviour is important to understand, as this knowledge may be
applied to guide the development of novel protein-enhanced meat
products with improved digestibility. Bolus formation and disintegra-
tion of food are important in the overall digestion process especially for
solid foods, as the structure of the bolus strongly affects the rate of
digestion during the rest of the gastro-intestinal transit. For the purpose
of this study, chew and spit method was used to better mimic oral
disintegration.
Earlier studies by Baugreet et al. (2018), showed that the inclusion
of plant-derived protein ingredients [pea protein isolate (PPI), rice
protein (RP) and lentil flour (LF)] at 4% and 8% and two binding
agents: ActivaEB 1% (TG), and TrangluseenTM-M 0.15% (TS) exhibited
beneficial physicochemical properties. The inclusion of rice protein and
pea protein isolate enhanced the protein content in restructured beef
steaks, however, this increase was more pronounced with RP at 8%
inclusion level. While this level was beneficial from a nutritional per-
spective, it also increased hardness. On the other hand, lentil-treated
restructured beef steaks with TG or TS provided a softening effect on
tenderness but did not increase protein content relative to controls. To
the author's knowledge no comprehensive study has been carried out to
study the effect of plant protein inclusion on protein digestion and
microstructure of a restructured beef steak following sous vide proces-
sing. The effects of changes in the restructured steak formulation and/
or processing on digestive enzymes and on its protein network structure
and resulting polypeptide profile and free amino acid profile were
analysed.
2. Materials and methods
2.1. Materials
Analytical grade trichloroacetic acid, potassium chloride, mono-
potassium phosphate, sodium bicarbonate, sodium chloride, magne-
sium chloride hexahydrate, ammonium carbonate, calcium chloride,
hydrochloric acid, sodium hydroxide, bovine bile extract, porcine
pepsin, pancreatin and pefabloc® protease inhibitor and other chemi-
cals were purchased from Sigma Aldrich (St Louis, MO, USA), unless
mentioned otherwise. Pea protein isolate (83% protein) was supplied
by Redbrook Ingredients (Dublin, Ireland) and rice protein (79% pro-
tein) and lentil flour (Lens esculenta, 23.8% protein) from Healy Group
(Dublin, Ireland). Transglutaminase enzyme Activa®EB (TG) was ob-
tained from Ajinomoto Europe (Hamburg, Germany) and
TransgluseenTM-M (TS) from Siveele, Breda (The Netherlands).
2.2. Methods
2.2.1. Preparation of restructured beef steaks
This experiment included three ingredients (pea protein isolate [P],
rice protein [R], lentil flour [L]) at two inclusion levels (4 and 8%),
with two binders added to each ingredient at each level (Activa®EB [TG]
and Transgluseen™-M [TS]). Control samples were prepared with re-
structured meat without the addition of plant proteins and binders. The
treatments were as follows; Control (C), P4TG, P4TS, P8TG, P8TS,
R4TG, R4TS, R8TG, R8TS, L4TG, L4TS, L8TG and L8TS. These treat-
ments were prepared according to a recent publication by Baugreet
et al. (2018). All restructured steak samples were subjected to below
analysis were cooked in sous vide pouches (OPA/PP 15/75, 100–180 °C,
Versatile Packaging, Dublin, Ireland) at 75 °C for 12 h in a water bath.
2.2.2. In vitro digestion
The in vitro digestion of cooked restructured steak was performed
according to a standardised method, specifically designed for studying
simulated gastrointestinal digestion of food (Brodkorb et al., 2019;
Minekus et al., 2014) with some modifications. Digestions consisted of
an enzymatic digestion simulating the mouth, stomach and small in-
testine. Briefly, meat samples of approximately 2.5 g were subjected to
‘chew and spit’ method performed by only one person (the first author),
rather than simulated oral digestion. The food was chewed until they
reached the urge to swallow, but was expectorated instead and re-
weighed again (Woolnough, Bird, Monro, & Brennan, 2010). For solid
foods, a ‘chew and spit’ method can be more accurate in simulating the
oral phase (Wickham, Faulks, & Mills, 2009) compared to the re-
commended grinding of the food recommended in the INFOGEST
method (Minekus et al., 2014). Each sample was then placed in a
centrifuge tube and placed on ice until use. About 2.4mL simulated
gastric fluid (pH 3) at 37 °C was added to the tubes, followed by porcine
pepsin activity (to achieve 2000 U/mL) and 1.5 μL of calcium chloride
(150 μM final concentration). This was followed by an acidification step
to pH 3 using 2M HCI, thus initiating the gastric digestion process. At
the end of gastric digestion (0, 30, 60, 90, 120min), to inactivate pepsin
and to simulate digestion in the small intestine pH was adjusted to 7.
The digestion samples were preserved after 0, 30, 60, 90, 120min of
incubation at 37 °C in a rotator. To end the gastric phase, 1M sodium
hydroxide was used to increase pH to 7 and the sample was snap-frozen
in liquid nitrogen. For the intestinal phase, 3.8mL of simulated in-
testinal fluid was added; 0.6 mL of bile salt (10 μM final concentration)
was added, as well as 1mL of pancreatin to achieve a trypsin activity of
100 U/mL. The pH was further increased to pH 7 for each sample using
1M sodium hydroxide and placed in a 37 °C incubator on a rotator. The
final volume of each digested sample (digesta) was approximately
12mL. Upon completion of the intestinal phase, an inhibitor (Pefa-
bloc®) was added at 20 μL, followed by immediate snap-freezing using
liquid nitrogen (N2). The procedure is also described in great detail as
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online video protocol (YouTube channel “In vitro food digestion - COST
action INFOGEST”).
2.2.3. SDS – polyacrylamide gel electrophoresis (SDS-PAGE)
Firstly, plant-based ingredient samples (50 μg each); lentil flour, rice
protein and pea protein isolate were dissolved in distilled water and
Laemmli sample buffer (50 μL β-mercaptoethanol, 950 μL Laemmli
sample buffer) and heated at different time-points (10, 20, 30, 40,
60 min) at 95 °C. Aliquots taken from restructured meat samples at
different digestion time points were evaluated by 1D-SDS PAGE. Prior
to analysis, all proteins were estimated by using Protein A280
NanoDrop spectrophotometers. 50 μg of meat samples were dissolved in
distilled water and Laemmli sample buffer (50 μL β-mercaptoethanol,
950 μL Laemmli sample buffer) and heated for 10min at 95 °C. β-
Mercaptoethanol act as a reducing agent by cleaving the disulphide
bonds between proteins. Samples were then centrifuged (10,000×g,
10 min) and analysed by SDS-PAGE according to Laemmli (1970), using
precast gels (Mini-PROTEAN Tetra Cell System, TGX Gels, 4–20% ac-
rylamide linear gradient, Bio-Rad, USA). The loading volume was 20 μL
in each well. The gels were run at constant 100 V for about 115min.
Protein bands were stained with Coomassie Brilliant Blue R-250 (Bio-
Rad, USA) for 2 h and then destained by soaking in 10% methanol:10%
acetic acid:H2O (3:2:5 by volume) for 30min at two intervals. The gels
were then scanned using a densitometric scanner (GS-800 Bio-Rad) and
analysed qualitatively.
2.2.4. Size exclusion HPLC (SEC-HPLC)
Molecular weight distribution of the soluble fraction of the digested
and undigested food was determined by size exclusion chromatography
(TSKgel 2000SWXL, 7.8mm×600mm; Tosh Biosciences GmbH,
Stuttgart, Germany) using a high-performance liquid chromatography
(HPLC) system as previously described by Sullivan et al. (2014). The
mobile phase (isocratic elution) consisted of 30% (v/v) acetonitrile
containing 0.1% (v/v) trifluoroacetic acid (TFA) at a flow rate of
0.5 mLmin−1 and monitored at a wavelength of 214 nm. The samples
were diluted in water and 20 μL of 1 g L−1 protein solutions were in-
jected into the column. The molecular weight distribution was de-
termined by integrating the relevant area under the chromatogram
using the Empower Pro5 software (Waters, Milford, USA). A molecular
weight calibration was prepared using the following seven standards:
bovine serum albumin (66.7 kDa), β-lactoglobulin (18.4 kDa), carbonic
anhydrase (29.0 kDa), aprotinin (6511 Da), insulin (3496 Da), baci-
tracin (1422 Da) and dipeptide His-Leu (268 Da) (all Sigma-Aldrich,
Dublin, Ireland). All samples and standards were pre-filtered through
0.22 μm low protein binding membrane filters (Sartorius Stedim, UK)
prior to application to the column. All solvents were filtered under
vacuum through 0.45 μm high-velocity filters (Millipore Ltd., UK).
2.2.5. Release of free amino acid during in vitro gastrointestinal digestion
The free amino acids were analysed according to a previous de-
scribed method by McDermott et al. (2016). Amino acid analysis was
carried out on samples at selected timepoints (at the start and after
120min of digestion). 24% TCA was prepared by dissolving 24 g TCA in
100mL of distilled water. Digested samples for each timepoint were
mixed thoroughly using a vortex, 750 μL of each sample was placed in a
1.5 mL eppendorf tube, followed by 750 μL of 24% TCA. This mixture
was mixed and allowed to stand for 10min. Samples were centrifuged
for 10min at 4000g. Supernatants were quantified using a Jeol JLC-
500/V amino acid analyser (Jeol (UK) Ltd., Garden city, Herts, UK)
fitted with a Jeol Na+ high-performance cation exchange column.
2.2.6. Confocal laser scanning microscopy
Gastric and intestinal meat samples were subjected to micro-
structural analysis. 20 μL of sample was placed on a microscope slide
and 5 μL of Nile Blue (aqueous, 0.1% w/w) added to the samples. A
cover slip was placed on top of all samples and they were imaged in a
Leica SP5 confocal scanning laser microscope (Leica Microsystems
GmBH, Mannheim, Germany). Dual channel images were acquired with
a ×10, ×20 and ×63 objectives, using a 488 nm argon ion laser to
image fat (green) and a 633 nm helium neon laser to image protein,
myofibrils and connective tissue.
2.2.7. Statistical analysis
Free amino acid data were analysed by analysis of variance
(ANOVA). The data was analysed as a 3× 2×2 factorial omitting
control treatments and analysed separately for gastric and intestinal
phase. Significant differences among treatments were assessed using
Tukey test, the level of significance was set at P < 0.05. Data analyses
were performed using GenStat Statistical Package (Release 14.1,
Hertfordshire, UK).
3. Results and discussion
3.1. SDS-PAGE analysis of ingredients, undigested, gastric and intestinal
digested samples
Electrophoretic patterns of lentil flour, rice protein and pea protein
isolate as ingredients analysed at different time-points (10, 20, 30, 40,
60min) when heated at 95 °C is shown in Fig. 1. Globulins and albu-
mins are the major components of pulse proteins. Globulins are avail-
able as subunits 11S with a molecular mass of approximately 40 kDa
(acidic) and 20 kDa (basic). These subunits can be seen among L and P
samples across the different time-points. Vicilins (7S), also present in
globulins with a molecular mass of 175–180 kDa, were not evident in
the samples tested. Tiwari and Singh (2012), stated that some pulse
proteins contain either 11S or 7S subunits exclusively. Another protein
band observed was convicilin, a third major storage protein at 71 kDa in
L and P. This finding is also in accordance with findings reported by
Tiwari and Singh (2012) and Barac et al. (2010). Bands were seen in the
R and P samples at the top of the stacking gel. This indicates high
molecular weight aggregates or the presence of poorly soluble proteins
(Pietrysiak, Smith, Smith, & Ganjyal, 2018). At 40min, the separations
of bands in the pea protein isolate were clearer. After prolonged heat-
treatment of L samples, a reduction in bands was observed, while in R
samples the band at ~25 kDa was denser at 40min.
SDS-PAGE profiles, as affected by the addition of P, R and L (at 4 to
8%) to restructured beef steaks mixtures mediated by TS/TG (at 1 and
2.5%; respectively/undigested) are illustrated in Fig. 2A. The analysis
of the extracted protein showed that bands with molecular weights of
200 kDa myosin heavy chains (MHC) was only faintly visible in protein-
enriched formulations; clearly illustrating a reduction in the bands as a
result of the addition of TS/TG and protein ingredients. The undigested
control contains two bands in close proximity, larger than 116 kDa. One
of these could be β-actinin (130 kDa), however, mass spectrometry
would be necessary to identify the proteins (Kaur, Maudens, Haisman,
Boland, & Singh, 2014). However, after addition of plant P or L and
transglutaminase enzyme, only one bands appears, which may be due
to covalent crosslinking.
The only differences evident in band intensities were dependent on
the relative content of the protein components in the mixture. Another
reason for lower band intensities could be associated with the long
cooking time used in this study resulting in additional cross-linkage
formations between proteins. The results obtained in this study were
similar to that reported by Li et al. (2017). The cross-linked proteins
may not have entered the SDS-PAGE gel (4–12%) and consequently,
remained in the stacking gel. Rice-treated restructured beef steaks at
8% TS/TG revealed an appearance of new bands which were evident in
the lower molecular weight region (6 to 21 kDa Mw) (Fig. 2A).
SDS profiles of samples after gastric digestion showed the presence
of major bands corresponding to proteins and peptides with a Mw
smaller than 50 kDa (Fig. 2B). Most protein bands larger than 50 kDa,
which were clearly visible in the undigested samples, have disappeared,
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i.e., were digested by the gastric enzymes. The bands at 37 kDa,
25–20 kDa and 15 kDa (Fig. 2A) which appeared in undigested samples
were also present in the gastric samples. However, these bands were
present at much lower intensities. This indicates that the enzyme pepsin
could degrade a certain amount of these proteins. Treatment P8TG still
showed the lighter bands between 50 and 37 kDa and 15 kDa. Control,
R4TS and L8TG had higher band intensities that could be associated
with the degradation of proteins bands with higher molecular weight.
Profiles were similar to other studies suggesting that bands at 37 kDa
correspond to acidic subunits and a predominance of bands at 25 to
20 kDa may be attributed to α and β subunits of legumin protein
(Pastor-Cavada, Juan, Pastor, Alaiz, & Vioque, 2010). Numerous
Fig. 1. Effect of cooking time on the SDS-PAGE patterns of protein ingredients: lentil flour (L), rice protein (R) and pea protein isolate (P) heated for 10, 20 30, 40,
60min at 95 °C.
Fig. 2. (A–C) SDS-PAGE patterns of protein-enriched restructured beef steaks; a) undigested, b) after gastric digestion, c) after intestinal digestion. MW – molecular
weight marker in kDa; control (CP), inclusion of pea protein isolate (P), rice protein (R) and lentil flour (L) (at 4 and 8%); binding agents: ActivaEB (TG), and
Trangluseen™-M (TS).
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smaller molecular weight fragments were also visible in the SDS-PAGE
gels.
After intestinal digestion, high molecular weight protein bands
disappeared except those at 50 kDa to ~75 kDa, which could be derived
from larger proteins such as nebulin and titin (Fig. 2C). Plant proteins
such as those from peas contain major storage proteins known as le-
gumin (11S), vicilin (7S) and another 7S globulin known as convicilin
(Barac et al., 2010). Convicilin has a Mw of ~290 kDa and is composed
of subunits with a Mw of 71 kDa, which can be identified in Fig. 2C. This
is in agreement with Kaur, Rutherfurd, Moughan, Drummond, and
Boland (2010). Smaller bands could be attributed to the pancreatic
enzymes (e.g. trypsin 23 kDa, chymotrypsin 25 kDa). It should be noted
that peptides smaller than 8 kDa are often not detectable by SDS-PAGE.
3.2. Size exclusion HPLC
Fig. 3 shows examples of the SEC-HPLC chromatograms for for-
mulation L4TS. It clearly showed the general increase in detected
proteins and peptides at lower Mw after gastric and intestinal digestion
compared to those samples after oral mastication. Fig. 4 presents the
molecular weight distribution of the soluble fractions of protein-en-
riched restructured beef steaks, which ranged from>20 kDa to<
500 Da after the oral (Fig. 4A), gastric (Fig. 4B) and intestinal phase
(Fig. 4C). To quantitatively assess the size distribution data, profiles
were split into six molecular weight intervals (< 500 Da, 0.5–1 kDa,
1–5 kDa, 5–10 kDa, 10–20 kDa,> 20 kDa) and the normalised value of
each material was quantified based on the area under the curve. It
should be noted that only water-soluble proteinaceous material, filtered
through 0.45 μm membranes, can be detected by SEC-HPLC hence re-
latively low amount of soluble protein and peptides were detected.
After the oral phase, all samples exhibited a similar trend as regards to
the smaller peptide fractions of 0.5–5 kDa and 5–10 kDa (Fig. 4A).
P4TS, L8TG and L8TS contained more> 20 kDa peptides when com-
pared to controls. Peptides of< 500 Da increased dramatically with
pea- and rice-treated samples at 4% with TG/TS and in lentil-treated
samples at 8% TG/TS. R8TS, L4TG and L4TS contained lower< 500 Da
fractions when compared with controls.
After the gastric phase, samples treated with TG were higher bands
around molecular weight intervals (1–5 kDa), while TS-treated samples
were present in lower amounts, with the exception of L8 TG/TS treated
samples (Fig. 4B). A similar trend was also observed in only pea-treated
samples at< 500 Da. The fractions with 10 to>20 kDa increased in
L8TS samples, while fractions between 0.5 to 5 kDa and<500 Da
decreased.
After the intestinal phase, peptides> 5 kDa were present in lower
amounts in all samples. Peptides ranging 0.5 to 1 kDa were slightly
lower in samples P8TG, L4TG and L4TS when compared to controls
(Fig. 4C). Control samples contained the maximal number of> 20 kDa
and< 500 Da peptides in comparison to other treatments. For pea-
treated samples at 4 and 8% inclusion levels with TG, a reducing trend
was observed for peptides< 500 Da, while the opposite effect was
observed in P4TS and P8TS. Peptides of< 500 Da decreased con-
secutively in R4TG, R4TS and R8TG treated samples. For lentil-treated
samples,< 500 Da fractions were abundant at 8% inclusion levels for
both TG/TS.
Peptides of< 500 Da were present in all treated sample after in vitro
GI digestion. The presence of these smaller peptides indicates that the
samples were very susceptible to proteolytic breakdown. This indicates
that as digestion progresses, pepsin enzyme cleaves more peptide sites,
consequently an increase of soluble oligopeptides of varying sizes are
produced (Opazo-Navarrete, Schutyser, Boom, & Janssen, 2017).
Smaller peptides have been previously shown to exert higher anti-
oxidant activity than larger peptides (Damgaard, Lametsch, & Otte,
2015). The presence of smaller peptides in this study are indicative of
how proteins can be broken down, resulting in an increase in water
soluble peptide fraction, which are generally regarded as bioaccessible,
i.e. accessible for absorption through the gut wall thus exerting their
nutritional and biological function.
3.3. Free amino acid produced during in vitro gastrointestinal digestion
Regarding the free amino acid composition of protein-enriched re-
structured beef steaks, only significant differences between ingredient,
levels and binder used were presented (Table 1). There was no statis-
tical difference among treated samples and controls (data not pre-
sented). Among all free amino acids analysed only when lentil flour was
added threonine content was higher (P < 0.05) in comparison to pea-
and rice-treatments after gastric digestion. After intestinal digestion,
this increase remained higher in lentil treated samples for isoleucine,
lysine, phenylalanine and valine. Isoleucine and lysine was observed to
be higher in the presence of TS. It is important to identify the chemical
integrity of the amino acids especially after digestion i.e. resistance to
processing, heat and pH (Friedman, 1996). The presence of partly hy-
drolysed protein from plant protein inclusion in a meat product may be
a considerable portion of the total protein. This can be considered part
of the dietary fibre composite or indigestible fraction, caused by
Fig. 3. Example of SEC-HPLC profiles for lentil flour enriched (4%) restructured beef steaks with Trangluseen™-M (L4TS) after oral, after gastric and after intestinal
digestion; Elution time (minutes) and absorbance (AU).
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protease inhibitor-protease complexes (Friedman, 1996). This could
also be explained by the action of endopeptidases causing the initial
protein fragments to be further degraded to smaller peptides and free
amino acids.
3.4. Microstructural analysis
The above results dealt with the soluble proteinaceous fraction of
the food samples before and after digestion with the exception of SDS-
PAGE, where samples were exposed to SDS-containing sample buffer.
While these chemical analyses are important, it is also essential to
consider the insoluble food micro-structure, which determines the
Fig. 4. Molecular weight distribution of protein-enriched restructured beef steaks after oral phase (4A), after gastric phase (90 min) (4B) and end of intestinal phase
(120min) (4C) as analysed by size exclusion chromatography, control (CP), pea protein isolate (P), rice protein (R) and lentil flour (L) (at 4 and 8%); binding agents:
ActivaEB (TG), and Trangluseen™-M (TS).
Table 1
Changes in released free amino acid from protein-enriched restructured beef steaks during gastrointestinal digestion.
Ingredient Binder Level Source of variation P value
P R L TG TS 4% 8%
Free amino acids released after gastric digestion (mg/g)
Threonine 0.105a 0.112a 0.266b Ingredient 0.014
Free amino acids released after intestinal digestion (mg/g)
Isoleucine 20.26a 17.02a 27.00b 18.54a 24.30b Ingredient 0.023
Binder 0.024
Ingredient × level 0.022
Ingredient × binder 0.040
Level × binder 0.042
Lysine 5.76a 4.95a 7.74b 5.32a 6.98b 6.25a 6.05b Ingredient 0.039
Binder 0.037
Ingredient × level 0.048
Ingredient × binder 0.062
Level × binder 0.067
Phenylalanine 3.41a 5.27b 9.0c 5.06a 6.73b Ingredient 0.006
Level 0.010
Binder 0.010
Ingredient × level 0.013
Ingredient × binder 0.008
Level × binder 0.014
Valine 1.91a 1.58a 2.75b Ingredient 0.027
a–c Means in the same row with different superscript letters differ significantly (P < 0.05); only significant values presented; pea protein isolate (P), rice protein (R)
and lentil flour (L) (at 4 and 8%); binding agents: ActivaEB (TG), and Trangluseen™-M (TS).
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accessibility of the digestive juices, digestive proteolytic enzyme in
particular. The following section illustrates the food micro-structure as
examined by confocal scanning laser microscopy using advanced
staining techniques.
After gastric phase: Cooking causes proteinaceous material to ag-
gregate due to denaturation (Fig. 5A). CP, P4TG, P4TS, P8TS, R4TS,
R8TG showed more a fine-stranded structure in comparison to R4TG,
R8TS and lentil-treated samples. P8TG showed protein agglomeration
which may be due to the binder employed and not the inclusion level of
pea protein isolate, as this effect was not observed in P8TS. The dis-
continuity of the formulation matrix of these samples could be as a
result of fat coalescence due to the increased protein level, ingredient-
type and tranglutaminase binder employed. Globular structures visible
in the background might illustrate a so-called emulsion in a more
Fig. 5. Confocal scanning laser microscopy images of treated restructured beef steaks after gastric (0 min) and intestinal phase (120min); control (CP), pea protein
isolate (P), rice protein (R) and lentil flour (L) (at 4 and 8%); binding agents: ActivaEB (TG), and Trangluseen™-M (TS).
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complicated colloidal system especially in P8TG and L4TG (Fig. 5D–J).
It might also represent a variety of globular proteins components that
are less solubilized and bound together by proteins that are more so-
lubilized (Jones & Mandigo, 1982). The morphology shows interstitial
spaces, holding the filaments together and reinforcing the original
network of the myofibril proteins. Fig. 5A showed that cooking at 75 °C
causes/caused degradation of some of the filamentous structural in-
tegrity for parts of the image. This granular material formed may be
related to partial precipitation of sarcoplasmic proteins from fluids that
collect beneath the sarcolemma during fibre shrinkage (Fig. 5H1–I1).
Fig. 5. (continued)
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Amorphous and granulated surfaces due to protein coagulation were
apparent at 60–71 °C in beef patties with added whey protein (El-
Magoli, Larola, & Hansen, 1995).
Inclusion of lentil flour resulted in a more compact structure as well
as the presence of more free fat (Fig. 5J–M). This could be attributed to
a loss in basic sarcomere structure, possibly because of the pH-induced
coagulation and denaturation of the actomyosin complex and other
proteins. The enzymatic mechanism observed varied among all treated
samples under gastro-intestinal conditions. This disruption as a result
formed a fused matrix, which appeared to be unaffected to pepsin.
After intestinal phase: Gastric digestion appeared to have a severe
effect on the microstructure of the meat product. In all treatments a
complete disintegration of myofibrillar structure was observed. CP
treatments presented more dense and compact cluster. Granular bolus-
like aggregates were observed with digestion time (120min). All
treatments except for control showed a distribution of aggregated
protein clusters separated by irregular void spaces. These aggregates
differed in sizes and density; in CP, P4TG and P8TG there aggregates
were larger in comparison to the other treatments. At higher magnifi-
cation, the clusters of aggregated proteins in pea and rice-treated re-
structured beef steaks were observed to be connected by fine fibres,
forming a distinct network. Other samples had loosely packed ag-
gregates. This is in line with Langton and Hermansson (1992) where
when whey protein concentrate was added at 12% protein content to
beef patties. In the intestinal phase it could be observed that control
samples have a relatively compact structure and denser structure. It can
be seen clearly that the structure of myofibrils became more amorphous
and a pronounced shrinkage occurred.
Rice- and lentil treated samples still showed some agglomerates of
smaller size when compared with the control, but with similar shape
and size observed in gastric phase. It is possible that the level of protein
ingredients used may act as filler or as a cementing agent (Comer &
Allan-Wojtas, 1988). The clusters formed were seen to be inter-
connected by fine strands, forming a distinct network. Clusters of ag-
gregated protein linked together to various degrees in the enriched
restructured beef steaks. This greater number of isolated protein ag-
gregates linked to other protein aggregates was also observed by Yost
and Kinsella (1992). The higher protein concentration, the closer and
larger the aggregates became. This explains the role of plant-based in-
gredients when used as a water binder in a meat system.
4. Conclusion
In this study, meat was used as a protein source, but was fortified
further to provide enhanced nutrition by the inclusion of plant-based
proteins. This study examined the changes of a novel meat product
following the addition of plant-based proteins and a transglutaminase
enzyme at different time points and evaluates the protein degradation
by using an in vitro digestion method suitable for food.
Micrographs of in vitro studies illustrated fibre separation during
gastric digestion while fibre breakdown as well as protein re-aggrega-
tion was observed after intestinal digestion. In vitro digestates of pro-
tein-enriched restructured beef steaks showed lower susceptibility to
the presence of small molecular weight peptides ranging between
0.5–1 kDa and<500 Da. Only lentil-enriched restructured beef steaks
were found to have significant amounts of released, free amino acids
namely isoleucine, lysine, phenylalanine and valine after GI digestion.
Micrographs of digested samples revealed the insoluble food micro-
structure, which determines the accessibility of the digestive juices. It
was observed that the addition of protein ingredients contributed to
agglomeration of protein in the gastric phase, but which is then dena-
tured in the intestinal phase resulting into smaller clusters or molecules.
This gives an indication of how plant and meat proteins are influenced
by digestive enzymes, the rate of digestive behaviour and their effect on
the microstructure.
In summary, it would be important to carry out an optimisation
study to adjust the level of plant proteins and transglutaminase enzyme
so as to produce an optimised and technologically-acceptable for-
mulation. This will not only help increase the nutritional quality of
reformulated meat products but can also have a positive implication for
human health, especially in the older adults. Future studies should also
consider the identification of the protein bands by LC-MS/MS approach
should provide more of an understanding of plant proteins during GI
digestion along with their effect on the meat protein digestibility.
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